Fluorescence stopped-flow experiments were performed to elucidate the elementary steps of the ATPase mechanism of scallop heavy meromyosin in the presence and in the absence of Ca2". ATP binding and hydrolysis, as monitored by the change in tryptophan fluorescence, appear to be Ca2l-insensitive, whereas both Pi release and ADP release are markedly suppressed in the absence of Ca2+. Rate constants for Pi release are 0.2 s-5 and 0.002 s-5 and for ADP release are 6 s-' and 0.01 s-' in the presence and in the absence of Ca2' respectively. Ca2' binding to the specific site of the regulatory domain is rapid and its release occurs at 25 s-1, consistent with the time scale of a twitch of the striated adductor muscle. Nucleotide binding is a multi-step process requiring a minimum of three states. In such a model Ca21 controls the rate of conformational changes at the active site in both the forward and the reverse direction, leading to a large dependence of the rate of nucleotide release, but a lesser effect on the overall equilibrium position. The kinetic trapping of nucleotides and Pi at the active site, in the absence of Ca2", appears to be a fundamental step in suppressing the interaction of the myosin head with the thin filaments in relaxed molluscan muscle.
INTRODUCTION
The control of myosin ATPase activity by the lightchain subunits represents a fundamental mechanism of regulation of contraction in many muscles (Lehman & Szent-Gyorgyi, 1975; Kendrick-Jones & Scholey, 1981) . In the case of the molluscan adductor muscle, the activity of the myosin heads is controlled directly by Ca2l binding, as reflected by the Ca2l-sensitivity ofthe intrinsic ATPase reaction . The communication between the specific Ca2l-binding sites, located in the neck region of the myosin molecule, and the ATPase sites, located on the heads, is likely to be the prime event in the regulatory mechanism by which the subsequent interaction ofthe head with actin is controlled Vibert et al., 1986) . The characterization of intermediates of the ATPase pathway and the influence of Ca2l upon them, in the absence of actin, therefore constitutes an important step in the understanding of myosin-linked regulation.
Transient-kinetic techniques have been widely used to elucidate the elementary steps of the vertebrate skeletalmuscle myosin ATPase (Trentham et al., 1976; Taylor, 1979) , but only more recently have these methods been applied to the study of myosins that are directly regulated by Ca2" (Wells & Bagshaw, 1984 . The effect of Ca2" adds another dimension to the kinetic scheme. A minimum formulation for the ATPase pathway in the absence and in the presence of Ca2" is given in Scheme 1. The elucidation of the ATPase pathway of rabbit skeletal-muscle myosin was greatly assisted by exploiting the enhancement of the intrinsic tryptophan fluorescence that occurs on nucleotide binding. This signal is also present in scallop myosin and its subfragments, but the amplitude is smaller than that of the corresponding rabbit proteins (Konno et al., 1983; . Nevertheless the changes in the tryptophan fluorescence of scallop subfragments have proved sufficient to resolve a number of steps in Scheme 1. In the present paper we focus on the properties of HMM because its ATPase is Ca2"-sensitive, whereas that of S1 is insensitive. A problem associated with the study of molluscan proteins is that HMM preparations normally comprise 20-30 % unregulated molecules arising, at least in part, from proteolytic degradation of the regulatory system. To a first approximation the unregulated HMM molecules behave similarly to the regulated molecules in the presence of Ca2". In the absence of Ca2l the two populations are well resolved in their kinetic properties, but the change in tryptophan fluorescence associated with some steps is too small to allow complete analysis of Scheme 1. To increase the amplitude of the optical signal we have employed ATP analogues based on the fluorescent nucleoside formycin (Bagshaw et al., 1972) . In the present investigation FTP is used as a displacing agent to characterize rate constants associated with the ATPase mechanism. In addition, the FTPase mechanism was investigated in its own right as described in the accompanying paper (Jackson & Bagshaw, 1988) .
The first step in the regulatory process must involve the binding of Ca2" to the specific sites of the myosin.
This process is also accompanied by a change in the intrinsic tryptophan fluorescence . We explore the kinetics of this step by using stopped-flow methods. We have shown previously that Ca2l binding to the non-specific bivalent-metal-ion site of the regulatory light chain is too slow to participate in the initial events of activation (Bennett & Bagshaw, 1986a) .
MATERIALS AND METHODS Materials
Live scallops (Pecten maximus) were obtained from the University Marine Biological Station, Millport, Isle of Cumbrae, Scotland, U.K., and the Marine Biological Association Laboratory, Plymouth, U.K. Myosin and its proteolytic subfragments were prepared from the striated adductor muscle as described previously (Wells & Bagshaw, 1983; . All protein concentrations are given in terms of myosin heads. Proteolytic enzymes and nucleotides were purchased from Sigma Chemical Co., Poole, Dorset, U.K. FTP was prepared as described by Jackson & Bagshaw (1988) . All other reagents were obtained from BDH Chemicals, Poole, Dorset, U.K., or Fisons, Loughborough, Leics., U.K.
The purity of the ADP was checked by f.p.l.c. on a Mono Q column (Pharmacia) and found to contain less than 1 % ATP.
Spectroscopic equipment
Rapid reactions were followed using a stopped-flow spectrofluorimeter built according to a design devised by Professor H. Gutfreund. The mixing chamber comprised a drilled Perspex [poly(methyl methacrylate)] block in which a four-jet mixer abutted a quartz flow cell of 2 x 2 mm optical pathlength. The mixing chamber and drive syringes were encased in an aluminium block whose temperature was controlled by water circulation from a Techne RB-5 bath and TE-8A regulator. The lightsource comprised a 100 W mercury arc lamp in an Ealing Stabilarc 250 lamphouse powered by a Universal Supply (Ealing Beck, Watford, Herts., U.K.). The light was focused on to an f/3.4 monochromator (Applied Photophysics, London, U.K.) and the selected Hg line was transmitted to the flow cell by a 2 mm-diameter silica light-guide (Oriel Scientific, Kingston-upon-Thames, Surrey, U.K.). Tryptophan fluorescence was excited at 297 nm and formycin fluorescence was excited at 313 nm. The 900 fluorescence emission was observed by using a 9924B photomultiplier in a QL-30 housing, powered by a PM28B high-voltage supply (Thorn EMI, Ruislip, Middx., U.K.). The emitted light was selected by using a combination of UG 11 and WG335 Schott filters (Ealing Beck) attached to the front of the photomultiplier [Amax 350 nm, bandwidth 35 nm (fwhm)]. The photomultiplier output voltage was filtered, backed-off and amplified before being captured and digitized with a Datalab DL902 transient recorder (Data Laboratories, Mitcham, Surrey, U.K.). The apparatus was modified for later experiments so that the transmitted light, detected with a Hamamatsu S1336 photodiode, could be monitored on the second channel. This allowed the fluorescence signal to be corrected for lamp noise. The reaction records were displayed on a Leader LBO-522 oscilloscope. The transient recorder was interfaced to an Apple II+ microcomputer with a BDIO card (Digital, Design and Development, London, U.K.), allowing the records to be signal-averaged and saved on disc (500 points per trace, 10-bit resolution). In the records shown, the transient recorder was used in the pre-A/B mode, with the trigger point corresnonding to a position indicated on Figure axes (t). The pre-trigger signal was usually captured at a faster timebase so as to record the newly mixed solutions just before the stopping of the flow. For timebases longer than 100 s, the transient recorder was driven by the Apple II + computer with a variable time-delay-loop program. The stopped-flow apparatus had a dead-time of 1 ms as determined by the progressive loss in the amplitude of the light-scattering signal (Aexe 365 nm) when acto-(rabbit myosin S1) was dissociated with increasing ATP concentrations at 20°C (Millar & Geeves, 1983) .
Fluorescence measurements were also carried out by using manual addition for monitoring slow reactions and to establish the total amplitude of fluorescence changes of fast reactions. These were performed in a 5 mm-or 10 mm-pathlength cuvette in either a Baird-Atomic SFR100 ratio recording spectrofluorimeter or a custombuilt fluorimeter having the same light-source and detection system as employed in the stopped-flow apparatus. The latter ensured that the observed fluorescence enhancements were measured at the same Amax. and bandwidth as in the rapid-mixing experiments. The custom-built fluorimeter also had the facility to monitor the transmitted light with the use of a Hamamatsu S1336 photodiode detector. In addition, the contents of the cuvette could be stirred by using an overhead motor, and reactants added via 0.5 mm-bore needles to avoid lid opening, so giving a mixing time of about 2 s.
Data analysis
Records saved on disc were analysed by a least-squares fitting procedure to a one-term or two-term exponential by using a program similar to that described by Millar (1984) . The program was modified by Dr. A. R. Walmsley to estimate the standard errors in the fitted parameters (cf. Walmsley & Lowe, 1985) . Analysis of simulated traces with a known rate constant(s) and a variable contribution from random noise showed that the estimated rate constant(s) and amplitude(s) agreed with the input parameters to within 2 times the calculated standard error in over 90 % of the cases tested. The standard errors calculated for parameters extracted from experimental data (typically between 1 and 5 %) were much less than the variability between repeated experiments and gave an over-optimistic accuracy to which rate constants were defined. The procedure was, however, useful in the case of biphasic exponential fits in that a large standard error was associated with the estimated rate constant of the fast phase if the latter was defined by only a few data points. If necessary traces were corrected by subtraction of a control record in which protein was mixed with buffer. In reaction records in which there was an initial rapid phase due to the wash-out of the old solution, only a small instrumental time constant could be employed when the signal was being captured. In some of these cases an exponential function was used to filter digitally the slow phase of the record (Savitky & Golay, 1964 (Wells & Bagshaw, 1984; Jackson et al., 1986) or the FTP turnover assay (Jackson & Bagshaw, 1988) .
RESULTS

ATP turnover rates
In previous studies in which manual mixing methods were employed it was found that, in the presence of Ca2+, HMM turned over ATP in the steady state relatively rapidly (approx. 0.3 s-') and in an apparently single phase . We assumed that the regulated and unregulated molecules behaved as a single population under these conditions. This proposal was Vol. 251 (Jackson & Bagshaw, 1988) . ATP binding The initial rapid rise in fluorescence in the traces shown in Fig. 1 corresponds to the ATP-binding process, and this was examined further as a function of ATP concentration (Fig. 2) . The amplitude of the observed enhancement in the stopped-flow apparatus of 5 % agreed with the total change recorded on manual addition of ATP to the same preparation with the custom-built fluorimeter. At low ATP concentrations the observed rate constant of the fluorescence change was linearly dependent on [ATP] and yielded an apparent secondorder rate constant, k+1, of 5 x 106 M-1 * s-'. This process was independent of Ca2". At high ATP concentrations the observed rate became independent of [ATP], with a rate constant of about 200 s-' (Figs. 2, 4a and 4b ). The amplitude of the signal, after correction for the deadtime of the apparatus, was about 60 % that observed at low [ATP] . The process was difficult to characterize accurately because of the small fluorescence change involved (3-4 %), but it appeared to be independent of Ca2". The amplitudes of the signals in the presence and in the absence of Ca2l were also comparable, suggesting that the signal was a feature of both the regulated and the unregulated fractions. The dependence of the observed rate constant for ATP binding as a function of [ATP] appeared to deviate from a hyperbola (Figs. 4a and 4b ), as others have reported for rabbit skeletal-muscle SI (Johnson & Taylor, 1978; Millar, 1984 Vol. 251 The exponential fitted to the slow phase of (a) has, a rate constant of 0.012 s-1. Note that in the presence of excess Ca2+ ADP is released rapidly on this time scale [(c) cf. Fig. 6(c) ]. One vertical division represents a fluorescence change of (a) 1.2%, (b) 1.4% and (c) 1 %.
transitions, one of which becomes too fast to measure at high [ATP] . At intermediate ATP concentrations (approx. 100 /lM) a single-exponential fit to the data was biased by a contribution from the first transition, whereas at higher [ATP] the observed change reflected the second transition alone (Johnson & Taylor, 1978; Millar, 1984) . Although our data for scallop HMM are not sufficiently accurate to conclude that the above mechanism is appropriate, the deviations from a hyperbolic dependence are in this direction. In view of the poor signal-to-noise of these records, a more important priority was to establish that the observed enhancement in fluorescence at high [ATP] was not an instrumental artifact. The underlying signals in records such as those in Figs 2(c) and 2(d) were absent from control records comprising an average of a similar number of traces recorded by mixing HMM with buffer.
Scallop S1-RD, which shows a larger fluorescence change than scallop HMM on binding ATP , gave a maximum rate at high [ATP] that was about 2-fold higher. We do not attach any significance to this factor at this stage in our analysis. The important conclusion is that ATP binding to scallop myosin subfragments appears to be similar to that of rabbit subfragments (Johnson & Taylor, 1978) , and there is no evidence from these measurements of any significant regulation of the forward rate constants of these steps by c2+.
Ca2Ã TP hydrolysis
Scallop HMM shows a near-stoichiometric rapid transient of bound P1 production on addition of ATP, both in the presence and in the absence of Ca2+ . We have not attempted to determine the maximum rate by quenched-flow methods. By analogy with rabbit SI , the maximum rate of the observed fluorescence change observed at high [ATP] suggests that the hydrolysis occurs at about 200 s-5 and is independent of Ca2+ (Figs. 4a and 4b) . In any event the hydrolysis step is much faster than the subsequent product-release steps, so that any Ca2+-dependency of the former would have little effect on the flux through the pathway.
Pi release
Pi release (or at least a conformational transition controlling it) is the rate-limiting step of the scallop HMM ATPase both in the presence and in the absence of Ca2 . In the absence of Ca2+ the release of Pi from the regulated fraction is so slow (k+3 0.002 s-') that a single turnover of the ATPase can be monitored by rapid gel chromatography . As mentioned above under 'ATP turnover rates', there is little change in tryptophan fluorescence associated with this step, so that it cannot be monitored directly by optical methods . In principle, a chromophoric or fluorophoric displacing agent could be used to monitor this reaction, but there are a number of technical difficulties. The very low Km of the regulated fraction (k+3/k+l < 10' M) and the moderately high turnover rate of the unregulated fraction (0.15 s-1) would require a very high concentration of the displacing agent for it to compete successfully over the full course of the reaction. With these constraints the optical signal associated with the displacement reaction would be masked by the high background absorbance or fluorescence of the displacing agent.
In the presence of Ca2" P, release is too fast to measure by the rapid gel-chromatography technique , but P1 dissociation is deduced to remain the rate-limiting step of the ATPase reaction because steps before and after this process occur more rapidly. The fluorescence change associated with decay phase of a single turnover of ATP in the presence of Ca2" (Fig. 1 FTP might be thought to be a better displacing agent because of the increased amplitude of the optical signal, but the lower association rate makes it a much poorer kinetic competitor than ATP (Jackson & Bagshaw, 1988) . FTP binding to HMM in the presence of Ca2+ became distinctly biphasic at moderate ADP concentrations and indicated the ADP binding constant was about 5 x 1O-' M (Fig. 6c) . Simulation of the displacement reaction by use of the known constants for the FTPase activity (Jackson & Bagshaw, 1988) indicated that the observed rate of the slow phase (5 s-1) would underestimate the ADP displacement rate by about 50 % at the [FTP] used. Increasing the [FTP] only gives a gradual improvement in the accuracy of the determination of the ADP dissociation rate and this is outweighed by the loss in the amplitude of the fluorescence change relative to the total signal. Overall these findings corroborate the conclusion that the ADP dissociation rate is of the order of 6 s-1 in the presence of Ca2+. The calculated apparent second-order rate constant (kc4) for ADP binding to HMM in the presence of Ca2+ from these values is between 10 tm1 s-' and 6 x 105 M-1 -5s-The overall conclusion supports our previous suggestion that ADP binding to regulated HMM is stronger in the absence of Ca2l than in its . The fluorescence change is reversed on addition to excess EGTA within the time required for manual mixing (5 s). The reaction was therefore investigated by stopped-flow methods. The decrease in fluorescence associated with Ca2+ release proved to be difficult to resolve because it is moderately-rapid and of small amplitude. On signal-averaging several traces, a fluorescence quench was seen to occur at about 25 s-1 (Fig.  7a) Ca2l binding to HMM is likely to be very rapid. From the value of the Ca2l equilibrium binding constant of 10-7 M (Chantler et al., 1981) , the association rate is calculated to be 2.5 x 108 M-1 s-1. It would be very difficult to measure this rate constant directly because the reactants would need to be at very low concentrations. When 200,M-Ca2+ was mixed with 4 gM-HMM plus 100 ,sM-EGTA, no fluorescence change was observed, confirming that the enhancement associated with Ca2l binding was complete within the dead-time of the instrument (Fig. 7b) .
DISCUSSION
Before detailed analysis of the kinetic pathway of the scallop myosin ATPase, it is pertinent to discuss some of the practical difficulties encountered in this study. The amplitudes of the changes in tryptophan fluorescence are less than one-third of those observed for rabbit SI . Furthermore the rate constants involved span a dynamic range of greater than 105 and warrant the use of both stopped-flow and manual mixing methods. Manual methods have a limited time resolution (2-5 s), and the poor efficiency of mixing can cause artifacts when single-turnovers of ATP are examined. It is possible that the unregulated fraction of HMM can turn over more than once during the mixing time, leaving the regulated fraction with less than a stoichiometric amount of ATP. On the other hand, manual addition with the use of a conventional 1 cm-pathlength cell allows a more precise estimate of the total amplitude of the fluorescence change and the solution is more stable over long time periods (more than 100 s). Stopped-flow methods have a time resolution of 1 ms, although when analysing small-amplitude signals resolution below 50 ms becomes progressively more difficult because of the requirement for a low time constant in the recording circuit and mechanical reverberations. Conversely, on a long time scale there are potential problems of diffusion of the solution from the mixing chamber into the observation cell, photodecomposition due to the localized intense illumination and arc wander. Some of these problems are alleviated by signal-averaging, base-line subtraction, ratioing with the transmitted beam and digital filtering procedures, so allowing processes with only a 2 % fluorescence change to be characterized.
A second difficulty in studying the scallop HMM ATPase is one of heterogeneity. Whenever a step is observed to deviate from a monophasic process there is some ambiguity as to whether this involves a multi-step process or multiple populations. We have shown that scallop HMM preparations can be physically separated into two populations on an analytical scale: the so-called regulated and unregulated fractions (Jackson et al., 1986 ). It would not be feasible to purify the regulated Vol. 251 fraction on a preparative scale by this method. Even if HMM could be prepared in a 100 %-regulated form, it is apparent that it ages in dilute solution over a period of several hours, owing, at least in part, to the spontaneous dissociation of the regulatory light chains (Bennett & Bagshaw, 1986b) . Fortunately the key processes involved in regulation are well-resolved kinetically, so that mixed populations can be analysed. A further complication is the requirement to use HMM rather than SI in order to study the mechanism of regulation. There has been much discussion concerning the intrinsic differences between the two heads and potential co-operative interactions between them with regard to rabbit skeletal-muscle myosin preparations. performed a detailed study, using optical and chemical methods, of rabbit HMM and concluded that the two active sites were identical with respect to ATP binding and hydrolysis, but extreme co-operativity between the two heads could not be ruled out. On the other hand, Schaub & Watterson (1981) summarize several lines of evidence indicating that ADP and other non-hydrolysable nucleotides bind with different affinities to each of the two heads. We have not attempted to analyse our data in terms of a co-operative model, since this would appear to be unnecessary complication at this stage. Chantler et al. (1981) concluded that the regulatory mechanism acted in a co-operative way in that the binding of two Ca2l ions per HMM molecule was required to activate the ATPase. We have only investigated the fully activated and fully relaxed states in the present studies. A previous transient-kinetic study of scallop myosin by Shibata-Sekiya (1982) considered that the two heads were non-identical on the basis of the magnitude of the Pi burst, but this is known to be affected by the purity of the preparation and the reversibility of the hydrolysis step (Bagshaw & Trentham, 1973) . No evidence of regulation of the basal myosin ATPase rate by Ca2+ was reported by Shibata-Sekiya (1982) , but the measurements were performed at high ionic strength, where the control system is inoperative Jackson & Bagshaw, 1988) .
Potential artifacts from adenylate kinase activity must also be considered when investigating relatively long time courses. Indeed, it might be thought that the extremely slow turnover phase observed in the absence of Ca21 might be caused by adenylate kinase regenerating ATP and prolonging the time course of a putative single turnover. Although we have detected adenylate kinase activity in HMM preparations (Jackson & Bagshaw, 1988) , we have ruled out this being the cause of the slow turnover phase on several grounds. Firstly, a rate cannot be assigned for adenylate kinase activity that would simultaneously satisfy the requirement for the rapid regeneration of ATP and a marked prolongation of a single turnover. Secondly, the inhibitor Ap5A (1O #M) has little effect on the profile of a single turnover. Thirdly, HMM plus ADP mixtures are moderately stable over a period of 30 min, required for recording several traces of the type illustrated in Fig. 5(a) . The presence of ATP in our ADP preparations, either as an impurity (not more than 1 %) or generated as a result of adenylate kinase activity, potentially complicates the evaluation of ADP-binding kinetics. If this were significant, however, then the kinetics of the displacement reaction would reflect the properties of the M -ADP * Pi complex, whereas the rate constants actually observed are unique and thus assigned to the formation and decay of an M -ADP complex.
Although evidence presented here and in the accompanying paper (Jackson & Bagshaw, 1988) shows that nucleotide binding to scallop myosin subfragments is a multi-step process, as in other species, it is instructive first to summarize our data in terms of the condensed scheme shown in Scheme 2. From this and previous work estimates of the rate constants for the regulated HMM fraction are as indicated in Scheme 2.
The rate constants for SI and the unregulated HMM fraction are comparable (at the most 3-fold greater) with that for the fully Ca2l-activated HMM. The results presented in this way indicate that the primary effect of the regulatory light chains, triggered by the removal of Ca2l, is to suppress the product-release steps by two to three orders of magnitude. There appears to be little, if any, effect of Ca2l on the nucleotide association and hydrolysis rate constants. It is important to note, however, that the data could also be explained by a branched mechanism, as discussed by Jackson & Bagshaw (1988, Scheme 3 in that paper). In such a scheme, the slow dissociation of P1 and ADP is accounted for by the trapping of nucleotide complexes before the productdissociation steps. In the present context the principal feature of a branched mechanism is that it could account for the rather low fraction of regulated molecules observed during single turnover (Figs. Ic and ld) compared with a limited number of multiple turnovers . This point is discussed further by Jackson & Bagshaw (1988). Pi release, or a conformational change controlling this process (cf. , is the ratelimiting step of the scallop HMM ATPase, both in the presence and in the absence of Ca2l. The steady-state rate (ks8) can therefore be calculated from the values of k+3 (regulated) and k+3' (unregulated) weighted according to the fraction of regulated HMM present:
where R is the fraction of regulated molecules. If the unregulated fraction has the same ATPase activity as the activated regulated fraction (i.e. k+3' = kc3 = kc3'), then the fraction of regulated molecules is directly reflected by the ratio of the observed-state rates in the presence and in the absence of Ca2`[R = 1-(kj/ksc)] because k+3' > k+3. This relationship was found to hold reasonably well in the presence of actin, where R could be estimated independently in the same experiment from the ratio of the amplitudes of the turbidity change (Wells & Bagshaw, 1984; Jackson et al., 1986) . In the absence of actin, the ratio of the ATPase rates in the presence and in the absence of Ca2`usually indicated a slightly lower value of R than expected for a particular preparation (e.g. a preparation containing 0.75-0.8mole fraction of regulated HMM showed only a 2-3-fold Ca2`activation of the ATPase in the absence of actin). Two factors may contribute to this discrepancy. Firstly, actin may stabilize the HMM so that spontaneous dissociation of the regulatory light chain under the assay conditions is diminished. Secondly, it is possible that the unregulated HMM fraction has a slightly higher intrinsic ATPase rate (i.e. k+3' = k+3' = 2k+3) but that the regulated fraction is preferentially activated by actin. Such a situation could not be ruled out by the single turnovers shown in Fig. 1 . Nevertheless, the uncertainty in these rate constants is small compared with the ratio of k+3 to k+3 of the regulated fraction of at least 50-fold.
Scheme 1 is a condensed scheme in which nucleotide binding is defined by a single step. This is clearly an oversimplification, as also noted for rabbit skeletalmuscle preparations  Trybus & Taylor (1982) . It is pertinent to note, however, that the ADP analogue formycin diphosphate reveals a fluorescence signal having a slow phase on binding to HMM in the absence of Ca2+, which supports a mechanism of the type shown in Scheme 4 (Jackson & Bagshaw, 1988 Jackson & Bagshaw, 1988) . Scheme 4 might be further expanded in view of the slow second-order association rate constants of 8 x 105 M-1 * s-1, which indicates that the first step might comprise a rapid equilibrium followed by a first-order transition Gutfreund, 1975; Trybus & Taylor, 1982) .
Regardless of the details of Scheme 4, the conclusion may be drawn that the removal of Ca2l decreases the rate constants of both the forward and reverse transitions of the nucleotide-bound state of HMM, whereas the initial binding step is probably little affected. By this mechanism the rate constant for the dissociation of ADP shows greater than 102-fold dependence on Ca2", whereas the equilibrium constant for dissociation of ADP shows only about a 10-fold dependence. The rate constants of Scheme 4 are faster than the overall ATPase rate, so that M*.+ADP and MC*.+ADP could be intermediates on the pathway, but it would be difficult to prove this in the scallop system (cf. .
The kinetics of ATP binding are more difficult to evaluate because of its coupling to the hydrolysis step. Scheme 2 provides a reasonable explanation of the data, assuming that the plateau rate for tryptophan enhancement reflects the hydrolysis step. It is likely, however, that there is at least one conformational transition of the M -ATP state that would account for the loss of signal amplitude at high ATP concentrations (cf. Johnson & Taylor, 1978; Millar, 1984) . The smaller tryptophan enhancement of scallop HMM compared with rabbit S1 does not allow such a rigorous analysis as the previous studies. By analogy with ADP binding (Scheme 4), it is possible that there is an optically silent Ca2+-dependent forward rate constant in the ATP-binding process, which results in the trapping of bound products as proposed for the FTPase mechanism (Jackson & Bagshaw, 1988) . Such a step might be revealed in the kinetics of disappearance of bound ATP (M * ATP) during a singleturnover experiment (cf. Bagshaw & Trentham, 1973) .
Ca2`binding to the specific site of the regulatory domain is rapid ( > 108 m-1 * s-1) and its release is also fast (25 s-1). This contrasts with Ca2l binding to the nonspecific Ca2+/Mg2+ site of the regulatory light chain, which is limited by Mg2+ dissociation and is too slow to be involved in a muscle twitch (Bennett & Bagshaw, 1986a) . The Ca21-specific site communicates with the ATPase site so as to control the rate of conformational changes that lead to the trapping and release of products. This is in harmony with structural studies of scallop preparations summarized by Vibert et al. (1986) . The physiological role of the regulation of the basal myosin ATPase appears to be one of economy in the striated adductor muscle. It is important to stress that Ca2+ causes only a partial direct activation of the myosin ATPase, but brings it into a state capable of actin activation (Wells & Bagshaw, 1984 (Taylor, 1979) , the novel feature of the scallop preparation, observed in vitro, is the additional marked suppression of the myosin ATPase in the absence of Ca2l. This may be in accord with scallop's behaviour of spending much of its time in a resting state on the ocean floor. The increase in the basal myosin ATPase rate during the brief periods of activity would not contribute substantially to ATP usage compared with that of the heads in the overlap zone that cause active tension development. Despite the economy of the relaxed state, the scallop striated adductor muscle is capable of rapid activation, reaching a peak tension within 90 ms of stimulation and relaxing with a half-time of 100 ms (Rall, 1981) . The values for Ca2" binding and release measured in the present study and previous measurements on the rate of actin binding (Wells & Bagshaw, 1984) are well within these limits.
